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Abstract
Nano-scale iron and five iron-based bimetal particles were synthesized in the laboratory.
The effectiveness of these nano-particles on the transformation of chlorobenzenes was
tested. The mechanism of dechlorination using metal/bimetal was investigated.
It was observed that the nano-scale bimetal particles synthesized could successfully
transform hexachlorobenzene to lower chlorinated benzenes. Among the five bimetal
tested, Fe/Ag had the highest hexachlorobenzene transformation efficiency. Further
hexachlorobenzene transformation tests using Fe/Ag showed that the reaction rate was
related to the silver content of the bimetal and the bimetal loading of the reaction system.
The reaction activity of Fe/Ag toward chlorobenzenes was also affected by the
chlorination degree of the organic molecules and the position of chlorine on the benzene
ring. The experimental observation suggested that hexachlorobenzenetransformation
using Fe/Ag follows a sequential chlorine removal mechanism. A hexachlorobenzene
transformation pathway was sketched based on the above hypothesis and the analysis
results. The study on the environmental factors showed that the presence of soil
particles retarded hexachlorobenzene removal process, excess of hydrogen in the
reaction system also had a negative effect on the remediation process.
The mechanism study proved that the contaminant degradation results from the
reduction coupled to metal corrosion and it is surface mediated. The experiment results
suggested that iron serves as the ultimate electron donor, water serves as the proton
donor. The noble metal has several functions during the transformation: (1) promotes
1
the electron release rate of iron; (2) provides the active reaction sites for the chloro-
compounds transformation; (3) functions as the catalyst. Limited evident suggested that
the noble metal's catalytic effect determine the pathway of the transformation process.
2
Chapter 1
Introduction
1.1 Metal/bimetal for transformation of chlorinated organic compounds
Chlorinated organic chemicals have been extensively used for decades in industrial,
commercial and agricultural purposes including solvents, dielectric fluids, degreasing
agents, chemical synthesis intermediates, pesticides, and pharmaceuticals, etc. The
release of these synthetic organic compounds and their persistence in the environment
have prompted growing concerns due to their possible effects on human health and
environmental quality.
From the 1960s, several metals and metal oxides have been found to have the property
of transforming chlorocarbons and chloroaromatics. First experimental investigations
into employing metals to decompose contaminants were reported by Koch (1). A
cylindrical galvanic cell type, with a set of perforated magnesiLim plates filled with
activated carbon particles as electrodes, was developed. Reactions of various
chlorinated organics with activated metals were described by Sweeny (2).
Electronegative metals like Zn, AI, Fe, Cd, or Mg, activated by traces of a catalyst metal
such as Cu, Ag, Co, or Ni, were used as reducing agents. Because these metals are
inexpensive and readily available, and they do not need other solvent and additives to
achieve ideal performance, reductive dechlorination by bimetal particles has been
recognized as a useful method of transforming and in many cases detoxifying
chlorinated organics. In recent years, the use of zero-valent metals to degrade
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contaminants has becoming an active research area (3-9). Laboratory studies
demonstrate that elemental metal technique can be successfully applied to a broad array
of halogenated organics including chlorinated hydrocarbons (both open-chained and
cyclic), chlorinated aromatics such as polychlorinated biphyenyls (PCBs) (10,11),
ploychlorinated dibenzofurans (PCDFs) (10), DDT, DOD and related pesticides and
herbicides (12). Element metal was also successfully applied in the denitrification
process(13,14). Element Iron's utility in subsurface treatment walls for removing
organohalides has been confirmed by controlled field experiments by Gillham and co-
workers (15). Several test installations have been completed at contaminated sites and
more are planned (16).
With all the progresses made in the laboratory studies and field testing, the precise
pathways through which metals reduce chloroganics have not been fully elucidated, nor
have reaction products or intermediates been completely characterized, especially for
those compounds with complex molecular structures and high molecular weights.
Matheson and Trathnyek (4) proposed three dechlorination mechanisms for chlorinated
aliphatics based on the three reductants presence in the anoxic FeD-H20 system. These
three dehalogenation pathways are widely cited in the literature while little direct
evidence is available to support these mechanisms.
The first dechlorination pathway for chlorinated aliphatics suggested involve the direct
electron transfer from the element iron to the adsorbed chlorinated compounds:
Fe + RX + H+ -7 Fe2++ RH + X-
4
(1.1 )
The second model involves Fe2+ ion, which is an immediate corrosion product in
aqueous system. Dissolved Fe2+ is a reductant capable of causing dechlorination of
some alkyl halides as expressed in equation (1.2). Probability for reaction (1.2) has
been generally believed to be quite low.
2Fe2++ RX + H+ -7 2Fe3++ RH + X- (1.2)
The third pathway involves the hydrogen produced through the reaction of iron and
water. It is believed that in the absence of an effective catalyst, hydrogen is not a facile
reductant, and this reaction will not contribute directly to dehalogenation. The surface of
iron, its defects, and other soiled phases present in the system are believed to provide
this catalyst, rapid dechlorination by H2 may be possible under these conditions.
(1.3)
Several general observations can be made from previous studies on the dechlorination
using elemental metal and bimetal technique:
(1) Contaminant degradation results from reduction (dechlorination) coupled to metal
corrosion (oxidation);
(2) Degradation occurs through a surface reaction, the metal serves as the ultimate
electron donor;
(3) The rate of degradation is directly related to the mass transfer to, area of, and
condition of the metal surface.
5
These observations provide the foundation for our current research to expand and
improve the zero-valent technology.
1.2 Objective of this research
A method for the synthesis of nano-scale iron particles and the rapid degradation of
trichloroethylene (TCE) and PCB by the palladized nano-iron particles have been
studied in our laboratory. (17). Detailed characterization of dechlorination of
tetrachloroethylene (PCE), TCE, dichloroethylene (DCE) and vinyl chloride by the Fe/Pd
were also conducted.
In order to broaden the applications of the metal/bimetal technique, dechlorination of
chlorobenzenes by bimetal particles was investigated in this research. Chlorobenzenes
were selected as the model compounds because few study of dechlorination of
chlorobenzenes using bimetal or metal was reported. Since chlorobenzenes contain the
basic structures that are possessed by other haloaromatics, characterization of
chlorobenzenes degradation with bimetal system can provide useful information that will
benefit the understanding and application of bimetal/bimetal technique for environmental
remediation.
6
Chapter 2
Nano-particle Synthesis
2.1 Materials
Iron (III) chloride hexahydrate (FeCIs·6H20, 98%), Iron (III) sulfate pentahydrate
(Fe2(S04h·5H20, 97%), and sodium borohydride (NaBH4 ,98%) were purchased from
Aldirch Chemical Co. Milwaukee, WI. Palladium (II) acetate ([Pd(C2H30 2hh, 47.5%) was
obtained from Alfa Aesar. Silver sulfide (Ag2S04, 98%) was from EM Industries Inc.
Gibbstown, NJ. ACS grade cobalt chloride (CoCI3·6H20) and cupric sulfate
(CuS04·5H20) were from Fisher Scientific. Nickelous nitrate (Ni(N03h, 99%) was from
J.T. Baker Chemical Co. ACS grade methanol was obtained from Pharmco, Brookfield,
CT.
2.2 Bimetal synthesis
2.2.1 Nano-iron particles
Nano-iron particles were prepared by reducing Fe3+ with NaBH4 under room
temperature. The following reaction was suggested by George N. Glavee and Kenneth
J. Klabunde (18) :
Fe3+ + 3BH4 - + 9HzO -7 Fe(s) + 10.5 Hz + 3B(OH)a
More specifically,
7
(2.1)
2FeCh·6H20 + 6NaBH4 -7 2Fe + 6B(OHh + 21 H2 + 6NaCI (2.2)
According to Liz-Marzan's study (19), reactant concentration can affect the resulting
particle size distribution. Dropwise of addition of one reactant to another favors the
formation of bigger clusters, while the order of addition of the salts does not have
significant influence on the synthesis results. In order to make the experiment data more
comparable among the test sets, constant iron (III) and sodium borohydride
concentration solutions were used during each nano-iron synthesis. All reactant
solutions were freshly prepared before each synthesis to minimize the undesirable
reactions during the storage period. The amount of borohydride used was twice that
required by the stoichiometric formula (2.2) and (2.3) in order to accelerate the reaction
and ensure the formation of monodisperse iron particles (19), Iron particles were either
collected by vacuum filtration or directly used for bimetal synthesis.
It is worthy to note that the nano-iron formation may not be as simple as presented by
equation (2.2) and (2.3). Borous-containing byproducts could form during the reaction
together with the target nano-iron. The existence of borous-containing compounds on
the iron surface may affect the reaction behavior of iron. No attempt was made in this
research to refine the products.
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2.2.2 Bimetallic particles
Ag+, Cu2+, Co2+, and Ni2+ stock solutions were prepared by dissolving the corresponding
metal salt into distilled water. The flasks containing the stock solutions were wrapped
with aluminum foil and stored under room· temperature. Pd2+ solution was freshly
prepared each time before synthesis, by dissolving pre-determined amounts of
palladium acetate in ethanol with the assistance of a sonar bath.
Bimetallic particles were made by directly adding the corresponding noble metal salt
solution into a beaker containing freshly synthesized nano-Fe particles. This caused the
reduction and precipitation of noble metals on the Fe surface. The corresponding
reaction can be expressed as follows:
2Mn+ + nFe ~ 2M + nFe2+ (2.4)
The bimetal particles were then harvested from the solution by vacuum filtration. The
particles were washed thoroughly with distilled water. No further drying procedure was
employed on the final residual of the filtration. Wet bimetal particles were introduced into
the reaction vial directly through a glass funnel. The water content of the metal particles
was determined from the weight difference between the final weight of vial plus metal
and their theoretical value.
2.3 Bimetal particle structure
The structure of the bimetal particle is illustrated in Figure 2.1. The bulk metal substrate
is iron (0). The bimetal synthesized is characterized by very high surface area/volume
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(or high surface area/weight). The highest noble metal content used in this research
theoretically was not more than 1% by weight (w/w) of the total iron (0) substrate. The
iron (0) particle surface can not be totally covered and the surface coverage is patchy
with the noble metal component spreading on the iron (0) surface as "islands". This
"pizza-type" structure can be essential in the dechlorination process as discussed later in
this thesis.
\
Noble Metal Island
Figure 2.1. Configuration of the bimetal particle.
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2.4 Nano-Fe and bimetal characterization
The elemental composition of the bimetal
The elemental components of bimetal particles synthesized were analyzed by the X-ray
analysis system attached to the ETEC scanning electron microscope (SEM). Before
testing, freshly obtained bimetal particles were washed with methanol and placed in a
dessicator for over one week. The dessicator was vacuumed periodically by a vacuum
pump. The analysis result of Fe/Ag particles in Figure 2.2 proves the successful
synthesis of the target product.
LEHIGH UNIVERSITY ELECTRON OPTICS LAB TUE 20-APR-98 18:27
Cursor: 0.000keV = 0 ROI (1) 0.000: 0.000
F
E
~
i
!
I!hrmrrrmf1iTf1;;;TIT1
0.000
YUE-Fe-Ag
VFS = 16384 10.240
60
Figure 2.2. Element analysis of Fe/Ag particles synthesized.
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Size distribution of nano-bimetal particles
The sizes of the Fe/Ag and Fe/Pd particles were determined with an SEM (ETEC) and
further verified with JEOL 6300F high-resolution field-emission SEM under an
accelerating voltage of 20 KeV in secondary electron mode.
Figure 2.3 gives the SEM image (by ETEC and Digital Micrograph 2.1) of the Fe/Pd
particles under a magnification of 2,OOOx. It was observed that the bimetal particles
remained mostly as clusters after all the pre-treatment procedures.
Figure 2.4 is the SEM image of the Fe/Ag particles obtained from the JEOL 6300. The
white dots are individual iron particles. The cloud-like margins around the white dots are
the image of the other Fe/Ag particles at the different depths. It can be seen from this
SEM image that the bimetal synthesized has a relatively homogeneous particle size
distribution. The diameters of the particles are between 40 to 100nm.
Surface area of the nano-iron particles
According to a previous lab report (17), the surface area (BET area) of the Fe/Pd particles
synthesized using the above method was 33.5 m2/g, which is much higher than the
commercially available iron powder (Aldrich, >99.9%, <10Jlm, 0.9m2/g).
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Figure 2.3. SEM image of Fe/Ag under 2,OOOx magnification.
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INTENTIONAL SECOND EXPOSURE
Figure 23 SEM image of Fe/Ag under 2,OOOx magnification,
13
Figure 2.4. SEM image of Fe/Ag under 22,OOOx magnification.
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Figure 24 SEM image of ~e!Ag under 22000x magnification
Chapter 3
Theory on Bimetal Corrosion and Dechlorination
3.1 Chemical background
3.1.1 The corrosion of iron
Corrosion is an electrochemical process in which iron oxidation is the anodic half
reaction, represented as:
(3.1)
Element iron is readily oxidized to ferrous iron, Fe2+, by many substances. The
conjugated cathodic reaction(s) may vary with the reactivity of available electron
acceptors. Two possible cathodic half reactions can be coupled with the above
oxidation reaction in the pure neutral pH water, namely, reduction of oxygen and
evolution of hydrogen:
(3.2)
(3.3)
If present, dissolved oxygen in water is the preferred oxidant, and equation (3.2)
represents the predominant cathodic reaction. The anodic product Fe2+ is further
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oxidized by oxygen to Fe3+, and precipitates as Fe(OHh, Under anaerobic condition,
H20 itself serves as the oxidant, and reaction (3.3) tends to occur.
Other electron acceptors (oxidants) both inorganic and organic, may induct additional
cathodic reactions that contribute to iron corrosion, if present in the system. Recent
studies suggest that many chlorinated organic compounds such as tetrachloromethane
and trichloroethane can serve as electron acceptors for the iron corrosion reactions.
3.1.2 Chlorinated benzenes
Chlorobenzenes are generally very stable compounds under ambient conditions. They
do not readily react with other chemicals. The stability of chlorobenzenes has been
attributed to two different factors: (a) delocalization of electrons by resonance; and (b)
differences in the (j bond energies due to variance in the hybridization of carbon (20). .
According to the resonance theory, chlorobenzene is considered to be a hybrid of not
only the Kekule structures (I and II), but also of structures III, IV, and V, in which chlorine
is joined to carbon by a double bond (Figure 3.1). In the latter structures (III, IV, V),
chlorine bears a positive charge and carbons on the ortho and para positions of the ring
bear a negative charge. These structures tend to stabilize the chlorobenzene
molecules, and give double-bond characteristics to the carbon-chlorine bond. The
carbon-chlorine bond is stronger than typical single bond.
The hybrid theory considers that the carbon holding halogen in aryl halides is Sp2_
hybridized, as contrasted to sp3-hybridized in alkyl halides. A bond formed by the
16
overlap of an Sp2 orbital is much shorter than the corresponding bond involving an Sp3
orbital, thus the carbon-chlorine bond of aryl halides is much stronger and the molecule
is more stable.
:CJ:
6
:CI:
6
II
EBC~•. i··I: .. (
.0
.&.
III
..
?J:I .Hoe
IV v
Figure 3.1. Chlorobenzene structures interpreted by the resonance theory.
The substitution of chlorine with hydrogen on the chlorobenzene molecule is usually
termed as hydrodechlorination, which is a reduction process in nature.
3.2 Galvanic corrosion model
A potential difference usually exists between two dissimilar metals when they are placed
in a corrosive or conductive media. This potential difference produces electron flow
between the two metals if they are placed in contact with each other. Corrosion rate is
typically accelerated on the less corrosion resistant metal (which usually has lower
17
electrochemical potential), in comparison to the single metal corrosion rate. The more
corrosion resistant metal is protected at the same time. This type of corrosion is often
referred as galvanic corrosion, one of the eight basic corrosion forms defined in
corrosion science (28). The two metals are called a galvanic couple. The less corrosion-
resistant metal becomes the anode and the more resistant metal becomes the cathode
during galvanic corrosion.
Besides the potential difference between the two metals, another important factor
governing galvanic corrosion is the area effect, or the ratio of the cathodic to anodic
area. An unfavorable area ratio consists of a large cathode and a small anode,
corrosion of the anode under this condition may be 100 or 1000 times greater than if the
anodic and cathodic areas are equal in size (21).
Although galvanic corrosion causes enormous economic loss, its principle is widely used
in our daily life. Dry cells and other primary batteries provide electricity produced from
galvanic corrosion. A metal structure is protected by being designated the cathode of a
galvanic cell - zinc coating is put on steel, the zinc corrodes preferentially thereby
protecting the steel; magnesium is connected to underground steel pipes to suppress
their corrosion.
From the galvanic corrosion point of view, a bimetallic system for dechlorination behaves
the same way as a galvanic couple. Galvanic corrosion principles used in the
dechlorination process are not for protecting the noble metal, but to increase the iron
corrosion rates, thus promoting the reduction of chlorinated compounds. In the
bimetallic system, the bulk iron and noble metal"islands" precipitated on it creates many
18
tiny primary corrosion batteries (or galvanic cells). Within the corrosive media the noble
metal behaves as the cathode, while iron becomes the anode, resulting in the dissolution
and release of electrons. The higher noble metal content creates higher substrate
surface coverage or increases the number of galvanic batteries. Increasing the number
of galvanic batteries will increase the electron-releasing rate, thus accelerating the
electron consumption reaction. The effect of surface coverage on bimetal corrosion rate
is controversial. If the noble metal deposited has reached the amount that totally covers
the iron surface, it will isolate the iron substrate from the bulk corrosive media, iron
corrosion will cease and as a consequence, dechlorination is stopped. Under the
bimetal synthesis condition where fresh iron surface area overwhelms the noble metal
surface area, higher cathodic area increases the cathode/anode ratio, thus enhancing
the iron corrosion rate. Furthermore, if the dechlorination, which is a reduction reaction,
takes place on the cathode areas of the bimetal particle, a larger cathode area will
provide greater amounts of active sites for dechlorination to take place. Figure 3.2
illustrates the mechanisms of bimetal corroding process in a corrosive medium.
The galvanic coupling principles alone may not thoroughly explain the function of the
noble metals in the dechlorination process. The noble metals used in this research are
also well known catalysts widely used in the organic synthesis industry. It is reasonable
to postulate that besides composing the galvanic couple, noble metals also play a role
as the catalysts in the dechlorination process. The best evidence for this hypothesis is
the different hexachlorobenzene transformation pathway in the bimetal systems studied
in this research, which will be shown in the latter chapters.
19
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Figure 3.2. Bimetal corroding process in an anaerobic corrosive medium.
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Chapter 4
Dechlorination of Hexachlorobenzene within Bimetal System
4.1 Introduction
Up to date, reaction pathways involved in the dechlorination process using metal/bimetal
are not totally elucidated. A key question is whether reduction occurs at the metal
surface, involving either direct electron transfer from zero-valent metal or complexation
of a product of metal corrosion, or in the aqueous phase by a water-soluble reductant(27l .
A series of experiments were performed to investigate the role of bimetal during the
dechlorination process. Results are presented in this chapter.
As seen from the bimetal corrosion model, deposit of a second metal that has a higher
electrode potential than the substrate metal increases the substrate corrosion rate,
resulting in an increase of electron release rate. From electrochemistry point of view,
the electron release rate is proportional to the potential difference between the substrate
and noble metal. The higher the potential difference, the faster the reaction rate. In
order to test the applicability of the bimetal corrosion principle in the dechlorination
process and find the optimum bimetal combination, the dechlorination efficiencies of five
bimetals toward hexachlorobenzene were investigated.
21
4.2 Hz and Fez+ as chlorobenzene transformation agents
While the observed strong dependence of dechlorination on the total bimetal surface
area indicates a heterogeneous nature of the dechlorination process, the possibility of
homogeneous dechlorination by dissolved Fe2+ and H2 were tested in this study. Results
could provide additional information to test the proposed mechanisms.
Hexachlorobenzene stock solution preparation
Hexachlorobenzene stock solution (200ppm) was prepared by dissolving
hexachlorobenzene crystals (98%, from Aldrich Chemical Co., Milwaukee, WI) in
methanol solution. The stock solution container was wrapped with aluminum foil and
stored at 4°C. Stock solutions older than two weeks were discarded to avoid possible
side effects.
Batch reaction system
Dechlorination by Fe2+ 9.9mL 10ppm Fe2+ solution prepared from FeS04·7H20 (99%,
from J. T. Baker, Phillipsburg, NJ) was introduced into 20mL serum vials (clear glass,
from Fisher Scientific, Pittsburgh PA) together with 0.1 mL hexachlorobenzene stock
solution. The vials were crimp-sealed with Teflon-lined rubber septa, wrapped with
paper tower and then placed on a 30-rpm rotary shaker (Model M48215 Dubuque WI)
under room temperature (23 ± 1°C).
Dechlorination by H2 9.9mL distilled water was added into a 20mL serum vial,
weighted and recorded. Another 2mL distilled water was then added in to compensate
the possible water loss during purging process. The vial was crimp-sealed with Teflon-
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lined rubber septum. Two 18G needles were used to introduce hydrogen gas and
balance the system pressure, respectively. The reaction system was purged with
hydrogen at 10mUmin over night. At the beginning of the test, the vial was weighted
again, extra water was removed by a syringe until the system weight was equal to the
record taken before the additional 2mL distilled water was added. 0.1 mL
hexachlorobenzene stock solution was then injected into the vial with a 0.5mL syringe.
Effect of Fez+ and Hz Sample preparation procedure was the same as previously
described in hydrogen purging experiment except the distilled water was replaced by
10ppm Fe2+ solution.
Sample collection
At pre-selected time intervals, 0.2mL aliquot liquid was removed from each serum vial
with a 0.5mL gas tight Hamilton syringe and injected into a 2mL sample vial. The
sample was then mixed with 0.2mL 2,2,4-trimethylpentane (extractant). The sample to
.extractant volume ratio was 1:1. The vial was sealed with a rUbber-lined cap, and mixed
on the rotary shaker for at least 24 hours before GC analysis to achieve extraction
equilibrium.
Analysis
The 2,2,4-trimethylpentane extracts were analyzed with an HP5890 gas chromatograph
(GC) equipped with a PTE-5 column (30mxO.25mm, from Supelco, Bellefonte, PA) and
an electron capture detector (ECO, with a Ni-63 source). Ultra high purity grade nitrogen
was used as both the carrier and makeup gas. The carrier gas flow rate was set at
10mUmin. Injection was carried out in split mode with a 5:1 split ratio. Injection port and
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detector temperatures were set at 200 and 310°C, respectively. Column temperature
was programmed by first initializing the oven temperature to 100°C, and holding it for 1
minute. The temperature was then ramped ata rate of 10°C/min. to a final temperature
A 4/-lL aliquot was withdrawn from the extractant layer and injected into the GC for
analysis. Organic concentrations were calculated by comparison with a calibration
curve.
Peak identification
Parent compound and products were identified with a Shimadzu QP5000 GC-MS and
further confirmed using GC analysis by comparing their retention times with those of
standard compounds.
Results and discussion
The hexachlorobenzene concentration changes versus time for the three reaction
systems are shown in Figure 4.1. It was observed that the hexachlorobenzene
concentrations in the three systems decreased by as much as 30-40% over the testing
time. However, no dechlorination product was detected in the samples. Therefore, the
loss of hexachlorobenzene could be due to adsorption to the vial wall or loss during the
sampling procedure. Similar results have been reported from the previous studies (18)(22).
The above observations suggest that Fe2+ or H2 alone is not a facile reductant for
chlorobenzene dechlorination process. Even under the hydrogen saturated Fe2+
environment, which can be found in the bimetal-water system, the dehalogenation
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reaction is unlikely to take place. The direct role of iron corrosion products in the
transformation of halogenated compound without element iron substrate can be
therefore excluded. Homogeneous transformation of chlorobenzene is unlikely to
happen under the remediation condition. Metal substrate may be critical for providing
electrons and active dechlorination sites needed for the chlorine replacing process.
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Figure 4.1. Hexachlorobenzene concentration change in the absence of metal substrate.
4.3 Dechlorination behavior of passivated metal
Since majority of metal-corroding processes taking place in electrolytes are electro-
chemical in nature, the rate of any given electrochemical corrosion process depends on
the rate of two conjugate reactions proceeding at the metal surface: an anodic reaction
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involving the transfer of metal ions from the lattice to the solution and liberation of
electrons, and a cathodic reaction consisting in the assimilation by some depolarizer of
the electrons liberated during the anodic reaction. A common way to fight against metal
corrosion is thus using some additives to reduce the kinetics of the electrochemical
reactions responsible for the corrosion process. These additives are generally called
corrosion inhibitors (defined as the compounds that suppress corrosion, regardless of
the suppress mechanisms) or passivators (the compounds that reduce the corrosion rate
via a preferential retardation of the anodic reaction).
Artificially inhibiting the iron corrosion process, studying the response of passivated
bimetal towards chlorobenzenes will provide further information on the role of element
metal in the remdiation of chlorinated compounds.
Chromates have long been used as corrosion inhibitors. They are highly effective and
can safeguard practically all important metals against corrosion. Studies have
demonstrated that chromates react with iron and form a passivation film composed of y-
Fe203 and Cr203 on the iron surface (23). This passivation film retardates the anodic
reaction(s) of the iron corrosion process. If this film fully covers the iron surface, the iron
substrate can be largely protected from further corroding and the iron is considered
being brought into the passivation state. In practice, chromates are usually used with
other chemicals to avoid possible induced pitting corrosion (caused by the insufficient
passivator dosage). But to simplify the system, only high dosage of K2Cr207 was used in
this experiment as iron corrosion passivator.
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System preparation and sampling process
0.25g Fe/Pd was first pre-soaked within 9.9mL 5% K2Cr207 solution for three hours in
order to bring the bimetal into the passivation state. 0.1 mL hexachlorobenzene stock
solution was then added into the reaction vial and initiated the beginning of the
dechlorination process. The reaction vial setup and sample collecting procedures were
the same as described in the previous section.
Results and discussion
Table 4.1 gives the experimental results. No dechlorination product was detected within
the first 24 hours. The first reduction product -- pentachlorobenzene, was detected at
the end of 48 hours. This was a delay of at least 40 hours compared with that in the
uninhibited system. Further transformation products were detected at much later time.
The appearance time sequence among the dechlorination products and their relative
quantity were in accordance with results derived from uninhibited 0.25g Fe/Pd- H20
system.
As expected, passivation of iron surface retardates the electron release process. The
transformation rate of chlorinated benzenes without a ready electron donor was
significantly slowed. The observations by the other research groups that the
dechlorination efficiency of iron drops with the reaction time and this efficiency can be
resumed after acid wash can be explained based on the same passivation principle.
Under a neutral corrosive environment, an oxidation layer composed of iron corrosion
products such as Fe(OHh, Fe203·nH20, Fe304 was gradually deposited on the fresh iron
surface. When this oxidation layer grows to a certain degree, it retards the electron and
ion transfer from the metal lattice to the metal surface thus slows or stops the conjugated
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conjugated anodic reaction(s). The oxidation layer also physically separates the metal
substrate and corrosive media thus prevent the metal from further corroding. The results
from this set of experiments may provide the evidence that the dechlorination process
investigated under the experiment condition is corrosion oriented.
Table 4.1. Dechlorination of hexachlorobenzene over Fe/Pd within K2Cr207 solution
(O.25g/10mL bimetal to solution ratio).
Time (hr) 1,2,3- 1,2,3,4- Penta- Hexa-
trichlorobenzene trichlorobenzene Chlorobenzene chlorobenzene
(ppm) (ppm) (ppm) (ppm)
a 1.92
2 1.71
12 1.14
24 0.97
48 0.008 0.52
72 0.009 0.01 0.01 0.52
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4.4 Dechlorination of hexachlorobenzene by nanoscale bimetals
Test sample preparation
The freshly synthesized metal particles (0.25g total mass, with 1% noble metal) were
first placed into a 20mL serum vial. The amount of water present in the metal particles
(typically 0.1 to 0.2 grams) was determined from the weight difference between the wet
metal mass· and the theoretical metal weight calculated from Equation 2.1 and 2.4.
About 9.8mL distilled water was then added into the vial, followed by 0.1 mL
hexachlorobenzene stock solution. The final parent compound concentration was 2ppm
and the methanol to water ratio was 1:99 (v/v). The reaction vial was cramp-sealed with
an aluminum cap equipped with a Teflon lined butyl-rubber septum, wrapped with
aluminum foil or paper tower, and then placed on a 30 rpm rotary shaker under room
temperature (23 ± 1°C). Blank control samples were prepared with the same
procedures.
Results and discussion
Table 4.2 provides the redox potential of the metals investigated in this research. Figure
4.2 shows the hexachlorobenzene concentration change versus time within different
bimetal reaction systems. Table 4.3 lists the hexachlorobenzene transformation
products detected from the liquid samples.
29
Table 4.2. Standard electromotive force (emf) series of metals (24)
i
Noble or
cathodic
Metal-metal ion equilibrium
(unit activity)
Pd-Pd2+
Ag-Ag+
Cu-Cu2+
Electrode potential vs.
Normal hydrogen electrode
at 25 ec, volts
+0.951
+0.7996
+0.153
Ni-Ni+ -0.257
Active or
anodic Co-Co2+ -0.28
l Fe-Fe2+ -0.447
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Figure 4.2. Transformation of hexachlorobenzene over different bimetal particles. The
initial parent compound concentration was 2ppm. Metal/bimetal particles to solution
ratio was O.25g110mL.
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Table 4.3. Products of hexachlorobenzene transformation over various metallbimetals identified within the aqueous
phase
Metal/Bimetal used
Child product detected 0.25g Fe- 0.25g Fe- 0.25g Fe- 0.25g Fe- 0.25g Fe-
during testing period 0.25g Fe 1%Co 1%Ni 1%Cu 1%Ag 1%Pd
1,4-dichlorobenzene x x
~1,3,5-trichlorobenzene x
1,2,4-trichlorobenzene x
1,2,3-trichlorobenzene x x x x
1,2,4,5-tetrachlorobenzene x x x x
1,2,3,4-tetrachlorobenzene x x x x x
Pentachlorobenzene x x x x x x
x: compound detected by GC
As seen from Figure 4.2, all of the five bimetals tested appear to be able to enhance the
removal of hexachlorobenzene from the liquid phase compared with a pure nano-iron
system. The formation of products further proved that the disappearance of the parent
compound was not totally contributed by the solid phase adsorption. Fe/Ag had the
highest hexachlorobenzene transformation efficiency among the bimetals tested. Fe/Pd
also showed relative high removal efficiencies toward hexachlorobenzene. The other
three bimetals, Fe/Co, Fe/Ni, Fe/Cu, had similar tendencies in removing the parent
compound. It is interesting to note that although bimetals showed a stronger ability than
nano-iron in removing hexachlorobenzene, the extent of transformation was not in
accordance with the electro-potential produced between the iron substrate and noble
metal deposited. It should also be noted that there was a preference of
formation/accumulation of child compounds for different bimetal reaction systems.
The experiment results arise the question about the function of the noble metal in the
transformation reactions. Obviously, galvanic corrosion principle alone can not explain
the high hexachlcirobenzene removal efficiency by using Fe/Ag, because the potential
difference between Fe-Pd (1.398 v) is larger than Fe-Ag (1.247v), electron transfer rate
for Fe-Pd should be higher than Fe-Ag, as a consequence, hexachlorobenzene
reduction rate should be higher. The galvanic corrosion principle also can not derive a
reasonable explanation for the accumulation differences of transformation products
among the bimetal systems. The possible reason for the phenomena may come from
the interaction of chlorinated molecules and noble metals and the catalyst effect of these
noble metals. A study of chlorobenzene adsorption on Ag(111) showed that
chlorobenzene bonds to silver surface not only through its it electrons, but the lone pair
electrons of the CI atoms also participate in the bonding to the surface (25). The same
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situation may be derived for the adsorption of chlorobenzene on the palladium and other
noble metal surface. As a consequence, bonding energy for C-metal, CI-metal and C-CI
are different for the adsorption on different metal and this difference causes the special
catalyst effect on the transformation of chlorobenzen. Furthermore, the electron pairs of
one chlorine will influence the electron pairs of the neighboring chlorines, this also effect
the strength of the CI-metal bond, as a result, causes the preferential of certain located
chlorine to be removed from the benzene ring.
The observed reversed dechlorination efficiency of Fe/Pd and Fe/Ag toward
tetrachloroethene (PCE) in another test may also imply the interaction between
chlorinated compounds and noble metals, and the·catalytic function of noble component
in the transformation process. The PCE test result is presented in Figure 4.3.
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Figure 4.3. Transformation of PCE by Fe/Ag and Fe/Pd. Initial PCE concentration and
metal to solution ratio was 20ppm and O.5g/50mL, respectively.
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Chapter 5
Dechlorination of Chlorinated Benzenes by Fe/Ag
5.1 Background
Among the bimetals tested, Fe/Ag exhibited the highest dechlorination efficiency towards
hexachlorobenzene. Furthermore, the dechlorination pathway with Fe/Ag bimetal is also
quite different from the others. In order to further characterize the chlorobenzene
transformation by Fe/Ag, a series of test were performed. Results are discussed in this
chapter.
5.2 Materials and methods
Chemicals
Chlorobenzenes used included hexachlorobenzene (99%), pentachlorobenzene (98%),
1,2,3,4-tetrachlorobenzene (98%), 1,2A,5-tetrachlorobenzne (98%), 1,2,3-
trichlorobenzne (99%), 1,2,4-trichlorobenzene (99%), 1,3-dichlorobenzene (98%), 1,2-
dichlorobenzene (>99%), and1 A-dichlorobenzene (99+%). . 2,2,4-trimethylpentane
(99.8%) was used as extractant. These compounds were purchased from Aldrich
Chemical Co.
Stock solution preparation
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200ppm stock solutions of chlorobenzenes were prepared by dissolving the individual
chlorobenzene in methanol. Flasks containing the stock solutions were wrapped with
aluminum foil and stored at 4°C. The stock solutions were re-prepared every two weeks.
5.3 Dechlorination behavior of Fe/Ag towards hexachlorobenzene
Figure 5.1 shows the reaction of hexachlorobenzene with 0.25g/10mL Fe/Ag to solution
ratio. By the end of the first hour, the hexachlorobenzene GC peak area had been
reduced by two orders of magnitude. This reduction may have been partially caused by
sorption on the metal surface, as little amounts of product were detected (Figure5.2).
The inset plot in Figure 5.1 shows the hexachlorobenzene peak area change one hour
after the start of the reaction. After four hours, the liquid phase hexachlorobenzene
concentration had reached ppb levels and continued to decrease.
Figure 5.3 gives GC peak area changes of dechlorination products.
Pentachlorobenzene reached its peak concentration within two hours after the reaction
began. The highest 1,2,4,5-tetrachlorobenzene concentration (0.7ppm) appeared at
around twelve hours. 1,2,3,4-tetrachlorobenzene and 1,2,4,5-tetrachlorobenzene were
detected simultaneously, however, the former had a much lower concentration. Three
trichlorobenzenes appeared later amon"g which 1,2,4-trichlorobenzene had the highest
concentration of the three.
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hexachlorobenzene concentration was 2ppm. Metal to solution ratio was 0.25g/10mL.
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Figure 5.3. Typical formation of hexachlorobenzene dechlorination products using
Fe/Ag. Initial hexachlorobenzene concentration was 2ppm. Metal to solution ratio was
0.25g/10mL.
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5.4 Effect of Fe/Ag loading on hexachlorobenzene transformation
Many researchers suggest that the direct role of iron as a reactant in equation 3.1
implies the involvement of reactive sites on the. metal, therefore the rate of
dehalogenation should strongly depend on the quantity of metal surface in a reaction
system. In this section, batch experiments were conducted at 0.1 g, 0.25g and 0.5g
bimetal loadings (with fixed silver content) in order to investigate the effect of the bimetal
loading on the hexachlorobenzene removal.
As shown in Figure 5.4, the hexachlorobenzene concentration was reduced to 3ppb by
the end of two hours within the 0.5g Fe/Ag system. Only a trace level of hexa-
chlorobenzene was detected at 48 hours. In batch system with 0.25g Fe/Ag particles, it
took 24 hours to reduce the hexachlorobenzene concentration from 2pm to 1ppb, and
about 72 hours in system with 0.1 g Fe/Ag. No hexachlorobenzene was detected after
five days in the reaction vial with 0.25g Fe/Ag. However, for the 0.1g Fe/Ag loading set,
the hexachlorobenzene peak area was still above 2000 by the end. of the test (7days),
this is a marked difference from the 84 hours using 0.25g bimetal, and less than 8 hours
with 0.5g Fe/Ag.
Figure 5.5 plots the logG-time relation for hexachlorobenzene and is plotted from the first
hour. Because the disappearance of hexachlorobenzene from the liquid phase during
the first hour was mainly due to the adsorption process, the data after one hour may
reflect the surface reaction rates. As can be seen from the plot, the higher the bimetal
loading, the faster the hexachlorobenzene diminishment rate. The hexachlorobenzene
dechlorination rate for 0.25g bimetal loading is nearly twice that of the 0.1 g loading.
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However, the 0.5g bimetal loading resulted in a much faster dechlorination rate. The
hydrogen effect might explain the above phenomena, since the errors introduced by
sampling and analysis were minimized with the mUltiple parallel tests. As discussed
before, hexachlorobenzene has a very strong affinity to the iron surface, such that during
the initial period of dechlorination, the iron surface was quickly saturated by the
hexachlorobenzene. The larger the bimetal amount, the less hexachlorobenzene
remaining in the liquid phase. Meanwhile, as oxidation of iron by oxygen is
thermodynamically more favorable than by water, the oxygen exhaustion reaction
precedes the hydrogen generation reaction. Before oxygen was totally consumed,
hydrogen produced by the latter process will too little to significantly effect the adsorbed
hexachlorobenzene. For higher bimetal loadings, larger portions of adsorbed
hexachlorobenzene had been transformed before hydrogen began to show its negative
effect. The freed activated sites were available immediately for the molecules remaining
in the liquid phase. On the other hand, for lower bimetal loadings, hydrogen
accumulation on the metal surface could be high enough to strip away the adsorbed
hexachlorobenzene. Thus the less the bimetal laoding, the less hexachlorobenzene
removal efficiency.
Dechlorination products were first detected from the reaction vial with the highest bimetal
loading; the same was true with the lowest chlorinated product. 1,2,4,5-
tetrachlorobenzene sharply increased during the first several hours in the vial containing
0.5g Fe/Ag and reached a peak value of around 1.2ppm by the end of eight hours.
There was also accumulation of 1,2,4,5-tetrachlorobenzene in the other two reaction
systems but it took a much longer time to achieve its peak concentration (Figure 5.6).
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Figure 5.4. The effect of Fe/Ag loading on the hexachlorobenzene removal. 10mL 2ppm
hexachlorobenzene was used. Metal loadings were varied as noted in the legends.
43
5o
.5
o
• O.5gFe-WoAg
- -.- O.25gFe-1o/oAg
-::!!If - O.1gFe-1°/oAg
~-
--
_T~
- T
-~ -
--
-~ -
-~ T
~
--- y = 1.9378 • 0.74997x R= 0.97874
- - y = 2.4581 • 0.070741x R= 0.96803
- - y = 2.8587 • 0.039711x R= 0.94676
1008040 60
Time (hr)
20
-5 '--'---'----'---'---'---'---'---'---'--'---'---'----'---'---'---'-----'-----'---'-----'
o
Figure 5.5. The effect of Fe/Ag loading on the hexachlorobenzene removal shown in the
In C - time form. 10mL 2ppm hexachlorobenzene was used. Metal loadings were
varied as noted in the legends.
44
'.
• - ••• O.5gFe·1%Ag
- -.- O.25gFe-1%Ag
--.:I( - O.1gFe-1%Ag
-..
•
..
I
I
I
---- ""'
/ - /'f~
/ "\
1/"
I A-- - 3f ,\, T
'//- ~:'"
""'''• • • • 'f
. e. _..t. ' "
1
-E
c.
c. 0.8
-c
.2
e 0.6...
c(1)
(,)
c
0 0.4(,)
en
::J
0
0.2(1)
::J
C'"
«
200150100
Time (hr)
50
0l.!...-'----L-...JL-...J-.---JL-1----l----l----l----'-------'-------'-------'-------'-------'-------'-------'-------'-------'------l
o
Figure 5.6. The effect of Fe/Ag loading on the 1,2,4,5-tetrachlorobenzene generation.
10mL 2ppm hexachlorobenzene was used. Metal loadings were varied
as noted in the legends..
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5.5 Effect of silver content on hexachlorobenzene transformation
Bimetals with varied silver to iron weight ratios were prepared to test the effect of the
silver content on the dechlorination rate and extent. This set of experiment was
designed to provide information on the role of noble metal during the dechlorination
process.
In general, the higher the silver content, the higher the hexachlorobenzene removal
efficiency. As illustrated in Figure 5.7 and ~igure 5.8, hexachlorobenzene concentration
was reduced to 1/200 of the initial value at the end of two hours with a 1% silver-content,
and was two magnitudes of order's less after eight hours. Only 1/2000 the amount of
the initial parent compound was detected in the sample after two days. For iron particles
with 0.1 % silver content, the hexachlorobenzene concentration was kept relatively
constant after an initial reduction. Furthermore, pentachlorobenzene was the only
product identified from the 0.1 % silver-content system within eight hours in this system,
and 1,2,4,5- and 1,2,3,4-tetrachlorobenzene were detected after eight hours. 1,2,4,5-
tetrachlorobenzene concentration gradually increased as the predominant product in the
liquid phase. Two trichlorobenzenes, 1,2,4- and 1,2,3- were also detected at 24 hours.
1,2,4-trichlorobenznene's GC peak area was about twice that of 1,2,3-trichlorobenzene's
throughout the five-day testing period (Figure 5.8).
There was a sharp increase in 1,2,4,5-tetrachlorobenzene concentration in both the 1?1a
and 0.5% silver-content reaction vials during the initial twelve hours of the testing.
1,2,4,5-tetrachlorobenzene's generation rate was the slowest with the 0.1 % silver
content bimetal system (Figure 5.9).
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With the methods for the bimetal synthesis used in this research, for the same amount of
iron substrate, a larger amount of Ag+ input increases the number of local corrosion cells
on the iron surface or the total cathodic area of the iron corrosion reaction. The increase
of the corrosion micro cell number promotes the iron to iron (II) transformation rate, and
the electron transfer rate on the bimetal particles. Consequently, the dechlorination rate
increases. Since the highest silver content was only 1% the mass of the iron substrate,
the active corrosion area (anodic area or fresh iron surface area) was reduced only
slightly. According to the principles of galvanic corrosion, the higher the ratio of cathodic
to anodic area, the higher the corrosion rate of the iron. As a consequence, the higher
.the dechlorination rate. The differences in the hexachlorobenzene removal rate among
the various silver-content bimetal systems also suggest that chlorobenzene
transformation takes place on the noble metal surface, i.e., the cathodic area.
Because the number of corrosion cells or the corrosion cathodic area increase was not
strictly in accordance with the amount of Ag+ deposited, the hexachlorobenzene removal
rate was not proportional to the mass of the silver coated.
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5.6 Dechlorination of individual chlorobenzenes by Fe/Ag.
As seen before,pentachlorobenzene, 1,2,4,5- and 1,2,3,4-tetrachlorobenzene, all three
isotherms of trichlorobenzene, and three types of dichlorobenzene were observed in the
aqueous phase during hexachlorobenzene reduction. These products appeared at
different time with different formation rates. The likely explanation is that Fe/Ag has
preference in removing chlorine atom from certain site(s) of the aromatic ring or it may
have a different efficiency in promoting the transformation of different chl<?,rine-Iocated
chlorobenzene molecules. To determine the reactivity of Fe/Ag towards different
chlorobenzenes, and explore the dechlorination pathways, dechlorination of individual
chlorinated benzene by Fe/Ag was further studied. To simplify the test process, only
those dechlorination products of hexachlorobenzene that were found in earlier
experiments were studied. The dechlorination product data presented here show the
accumulation rate of those individual chlorobenzenes, but not necessarily the preference
of their productions.
5.6.1 Pentachlorobenzene
Fe/Ag showed high efficiency in pentachlorobenzene transformation. Only 1% of the
original pentachlorobenzene remained in the aqueous phase by the end of 24 hours and
its concentration was reduced to non-detectable level within 48 hours. (Figure 5.10)
Figure 5.11 shows product accumulation with time. The dechlorination products
observed had similar trends as those in the hexachlorobenzene reduction. 1,2,4,5-
tetrachlorobenzene had the highest concentration among the products. 1,2,3,4-
tetrachlorobenzene showed up at the same time as its isomer, but at a much lower
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concentration and its concentration decreased after eight hours. 1,2,3- and 1,2,4-
trichlorobenzene appeared much earlier than 1,3,5-trichlorobenzene, and they showed
an accumulation trend within the testing period.
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Figure 5.10. Dechlorination of pentachlorobenzene by Fe/Ag. Initial pentachlorobenzene
concentration was 2ppm. Metal to solution ratio was 0.5g110mL.
52
0.35
-E ~-
1,3,5-
Q. 0.3 -)Eo-- 1,2,4-Q. /
-
/ , ----£::,. - 1,2,3-
C rsJ "-
- - rsJ - - 1,2,4,5-0 0.25 ,I
'rsJ_
= rsJl
- . + .. 1,2,3,4-
~ I
... 0.2 -------1Slc
CI) I
CJ I
c 0.15 I0 I
CJ
r$Jen
:s 0.1
0
CI)
:s 0.05~
0
0 10 20 30 40 50 60
Time (hr)
Figure 5.11. The generation of pentachlorobenzene transformation products. Initial
pentachlorobenzene concentration was 2ppm. Metal to solution ratio was 0.5g/10mL.
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5.6.2. 1,2,3,4-tetrachlorobenzene
The liquid phase concentration of 1,2,3,4-tetrachlorobenzene decreased steadily after
the reaction began. Its concentration was one tenth of the first hour value at 72 hours.
Its liquid phase concentration fit the first order transformation kinetics within the test
period (Figure 5.12 and Figure5.13).
Dechlorination products detected in the 1,2,3,4-tetrachlorobenzene system in time
sequence were 1,2,4- followed by 1,2,3-trichlorobenzene and finally dichlorobenzenes.
The GC peak area of 1,2,4-trichlorobenzene was nearly one order of magnitude higher
than 1,2,3-trichlorobenzene throughout the test period (Figure5.14).
5.6.3. 1,2,4,5-tetrachlorobenzene
The reduction rate of 1,2,4,5-tetrachlorobenzene was much slower than that of 1,2,3,4-
tetrachlorobenzene. By the end of 120 hours, the aqueous phase 1,2,4,5-
tetrachlorobenzene was still about 15% of its original concentration. 1,2,4-
trichlorobenzene was the main product observed during the test period.
The steady increase of the 1,2,4-trichlorobenzene concentration from the end of two
hours and the persistence of its parent compound in the liquid phase suggests that
dechlorination is a surface mediated reaction with surface active sites involved. Only the
adsorbed 1,2,4,5-tetrachlrorobenzene can be degraded. The degradation of 1,2,4,5-
tetrachlorobenzene was so slow that the active sites were not ready for the liquid phase
molecules (Figure 5.16).
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Figure 5.12. Dechlorination of 1,2,3,4-tetrachlorobenzene by Fe/Ag. Initial 1,2,3,4-
tetrachlorobenzene concentration was 2ppm. Metal to solution ratio was 0.5g/10mL.
55
0.5
0 y = -0.03855 - 0.025024x R= 0.98415
-0.5
-
X
0
-1
-
.E
-1.5
-2
X
-2.5
X
-3
0 20 40 60 80 100 120 140
Time(hr)
Figure 5.13. Transformation of 1,2,3,4-tetrachlorobenzene in the logarithm form by
Fe/Ag. Initial 1,2,3,4-tetrachlorobenzene concentration was 2ppm. Metal to solution ratio
was 0.5g/10mL.
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Figure 5.14. The generation of 1,2,3,4-tetrachlorobenzene transformation products by
Fe/Ag. Initial 1,2,3,4-tetrachlorobenzene concentration was 2ppm. Metal to solution
ratio was O.5g/10mL.
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Figure 5.15. Dechlorination of 1,2,4,5-tetrachlorobenzene by Fe/Ag. Initial 1,2,4,5-
tetrachlorobenzene concentration was 2ppm. Metal to solution ratio was 0.5g/10mL.
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Figure 5.16. Accumulation of 1,2,4,5-tetrachlorobenzene transformation products by
Fe/Ag. Initial 1,2,4,5-tetrachlorobenzene concentration was 2ppm. Metal to solution ratio
was 0.5g/10mL.
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5.6.4. 1,2,4-trichlorobenzene
Dechlorination of 1,2,4-trichlorobenzene, a product during hexachlorobenzene
degradation, has very a low disappearance rate. 1,2-dichlorobenzene was the only
product detected after eight days, as shown in Figure 5.17.
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Figure 5.17. Dechlorination of 1,2,4-trichlorobenzene by Fe/Ag. Initial 1,2,4-
trichlorobenzene concentration was 2ppm. Metal to solution ratio was 0.5g/10mL.
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5.7 Hexachlorobenzene dechlorination pathways
In the above section, reactions between chlorobenzenes and Fe/Ag particles are
presented. In the situation where they exist as a mixture, the competition to the active
sites on the solid substrate surface and the competition in acquiring hydrogen and
electrons will cause the individual removal rate to deviate from this result. However, the
pathways of their degradation should follow the same route no matter how they exist.
Figure 5.18 shows the proposed hexachlorobenzene transformation pathways over
Fe/Ag particles based on the previous study: during the initial reaction period, one
chlorine atom is replaced by hydrogen to form pentachlorobenzene from
hexachlorobenzene. The second phase involves three reactions for
pentachlorobenzene to further lose chlorine and form tetrachlorobenzene isomers, it
seems that 1,2,4,5-tetrachlorobenzene is preferably formed during this stage. Three
possible trichlorobenzenes are transformed during the next degrading step with 1,2,4-
trichlorobenzene being the most abundant species accumulated in the reaction system.
Further transformations become much slower according to the analysis data from the
previous tests. So far chlorobenzene has not been identified from the transformation
products of hexachlorobenzene. The sketched hexachlorobenzene reaction pathway
follows the sequential transformation theory and needs further experimentation for
verification.
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Figure 5.18. Dechlorination pathway proposed based on the experiment observation.
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5.8 Multi-cycle test
A multiple hexachlorobenzene-input experiment was performed to test the stability of
Fe/Ag in transforming chlorobenzenes.
Procedure
After hexachlorobenzene was reduced to undetectable level, a volume of distilled water
equal to the total liquid volume taken from the reaction vial during the analysis, was
carefully added into the vial with a syringe to compensate the water loss. 0.1 mL
hexachlorobenzene stock solution was then spiked into the vial. Neglecting the bimetal
particle loss during the former sampling processes, the initial hexachlorobenzene
concentration in each cycle was 2ppm and the bimetal/liquid ratio was kept at
0.5g/10mL. The vial caps were removed each time to add hexachlorobenzene, this
might slightly re-aerate the reaction media and drive it towards the initial condition of the
first cycle. In adding the parent compound, the vial was opened for a short time to
minimize the. escape of dechlorination products that may inhibit further chlorine removal
from hexachlorobenzene. The new cycle was started on the fifth day except the second
cycle, which was started on the ninth day.
Experiment results
It was observed that after five cycles the parent compound disappearing rate during the
first hour dropped. The degrading rate was also decreased during the last three cycles..
However, hexachlorobenzene had been reduced to trace levels on the fifth day for all 10
cycles, totaling 1296 hours tested. as shown in Figure 5.19. Figure 5.20 shows the
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I. concentration change of hexachlorobenzene transformation products during the 10
cycles.
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Figure 5.19. Multicycle experiment result of dechlorination of hexachlorobenzene by
Fe/Ag. The different mark stands for the data collected from different cycle.
Hexachlorobenzene concentration at the beginning of each cycle was 2ppm. Metal to
solution ratio was 0.5g/10mL.
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Figure 5.20. (a) and (b): the change of hexachlorobenzene transformation products
during the multicycle experiment. Hexachlorobenzene concentration at the beginning of
each cycle was 2ppm. Metal to solution ratio was 0.5g/10mL.
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5.9 Effect of soil on the hexachlorobenzene removal
Soil preparation and characterization
The soil sample was collected from the campus and dried at 103°C overnight. Three
dried soil samples each weighing one-gram were baked at 550°C in a muffler oven for
20 minutes. The total organic content of each soil sample was calculated as follows:
Wbejore-baking - Wajter-baking X 100%
Wbejore-baking .
The average of the total organic content of the three soil samples was 8.5%.
System preparation and sampling procedure
A set of 10mL serum vials containing 5mL 2ppm hexachlorobenzene solution, 0.5g dried
topsoil were wrapped with aluminum foil and placed on the rotary shaker for six days.
At the beginning of the test, 0.25g of freshly synthesized Fe/Ag(1 %v/v) was added into
each vial using a glass funnel. The vials were crimp-capped again and placed back on
the rotary shaker. A controlled set with the same amount of bimetal mass but no soil
was also prepared to provide control samples during the test.
At scheduled time intervals, 0.2mL liquid was removed from a reaction vial to a 2mL
sample vial and mixed with 0.2mL 2,2,4-trimethylpentane as the liquid sample. For
comparison purposes, 2mL 2,2,4-trimethylepentane was then added into the same
reaction vial to extract the residual hexachlorobenzene and its transformation products
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from both liquid phase and solid phase. The reaction vial was vigorously shaken on a
wrist-action shaker (BURRELL. Pittsburgh, PA) for five hours, and a O.2mL sample was
then collected from the extractant layer as the bulk sample. Blank samples were taken
from the soil vial without bimetal addition at the beginning of the test.
The liquid samples were also collected from the parallel control vials at the same time
intervals. No bulk extraction was performed on the control system.
Results and discussion
The hexachlorobenzene concentration changes with time in the three samples (control,
liquid, and bulk) are provided in Figure 5.21. Because of the additional
hexachlorobenzene adsorption on the soil phase, hexachlorobenzene concentration in
the liquid samples was much lower than that in the control sample. On the other hand,
the bulk sample contained the chlorobenzenes extracted from both the soil phase and
bimetal phase, thus the detected GC peak areas were much higher than those of the
other two types of samples.
As hexachlorobenzene will preferably adsorb on the soil phase as opposed to the water
phase, the data presented in Figure 5.21 can not truly reflect the soil effect on the
hexachlorobenzene removal. In order to further investigate the hexachlorobenzene
transformation rate, the hexachlorobenzene GC peak areas in the liquid and control
sample are normalized with the 1-hour sample value. This procedure is based on the
consideration that during the initial period, the liquid phase hexachlorobenzene loss is
mainly caused by the adsorption to the solid surface. Also considering that the
concentration is proportional to the GC peak area within the tested concentration range,
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the experiment data is replotted as C/C1-hour versus dechlorination time as shown in
Figure 5.22.
The soil retarded the dechlorination reaction as seen in Figure 5.22. The largest
hexachlorobenzene removal rate difference was within the first 24 hours between the
soil addition and the control system. This difference became smaller with the reaction
time when a smaller amount of hexachlorobenzene was left in the reaction system.
This section shows the effect of soil on the transformation of chlorinated organic
compounds for a soil exposed to only six-day's of soaking. In the natural environment,
where the aging process tends to fix the organic compounds much more tightly to soil
particles (31), stronger soil effect on dechlorination can be expected. Furthermore, factors
such as the total organic component of the soil, the soil particle size distribution and its
structure will also affect the dechlorination process.
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Figure 5.21. Soil effect on the removal of hexachlorobenzene. Initial hexachlorobenzene
concentration was 2ppm. Soil concentration was O.5g/5mL. Metal to solution ratio was
O.25g/5mL.
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Figure 5.22. Soil effect on the removal of hexachlorobenzene-normalized data. Initial
hexachlorobenzene concentration was 2ppm. Soil concentration was O.5g/5mL. Metal
to solution ratio was O.25g/5mL.
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5.10 Effect of oxygen and hydrogen on the dechlorination process
Sample preparation
0.5g Fe/Ag and 9.8mL distilled water, which takes into account of the volume of stock
hexachlorobenzene to be added in later, and the water content of the bimetal was
placed into the 20mL serum vials. The vials were weighed and recorded. Considering
water loss during the purging process another 2mL distilled water was added in and the
vials were crimped sealed with Teflon lined septa. Two 18G hypodermic needles were
used to introduce the purging gas and balance the system pressure, respectively. One
needle was inserted below the water line to introduce the gas. The tip of the needle
used in the hydrogen purging set was placed just above the water line while the needle
used in the oxygen purging set just penetrated the septa. The purging rate was
controlled at 10mUmin, and the reaction systems were purged overnight.
At the beginning of the test, the reaction vial was measured again, the water was
removed through the septa by a syringe until the weight was equal to the recorded
value. 0.1 mL hexachlorobenzene was then injected into the vials with a 250llL syringe
without removing the vial caps. A parallel control sample without prepurging was
prepared at this time.
Results and discussion
The liquid phase turned dark _green with hydrogen purging and brown with oxygen
purging before spiking hexachlorobenzene. The brown color of the top layer in the
Fe/Ag indicated the particles in this layer were oxidized. A large portion of bimetal
particles was still black (neglectable color change). There was no color change for the
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particles in the hydrogen-purged vial. System pressure increase was first observed in
the hydrogen-prepurged vial.
Normalized test data is presented in Figure 5.23. Both hydrogen and oxygen purging
affect the sorption of hexachlorobenzene to the bimetal surface. Hydrogen has the
largest effect on the sorption process. The biggest effect of oxygen purging on
dechlorination is reflected in the data collected in the first few hours. Hydrogen
prepurging slowed down the dechlorination rate significantly.
Although anaerobic conditions favor the reaction presented by equation 3.3 and excess
hydrogen should provide a sufficient proton source for chlorine exchange, the negative
effect of hydrogen on the dechlorination was observed during this research.
A reasonable explanation for this phenomena can be described from the following
aspects: Within the hydrogen-saturated system, the bimetal particles were covered with
the adsorbed hydrogen molecules, thus they were essenti~lIy corrosion-free under this
reduction environment. Because dechlorination is a corrosion-oriented reaction, chlorine
atoms can not be replaced from the benzene rings without an electron donor. On the
other hand, hydrogen also has very high affinity to the nano-metal surface, the later-
coming hexachlorobenzene molecules have to compete with hydrogen for the available
adsorption sites, which have been saturated with hydrogen molecules, on the metal
surface.
The negative effect of hydrogen on dechlorination was also observed in tests carried out
by other research groups (4,26).
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Oxygen is a much stronger oxidant than water, from this point of view, elemental iron will
readily react with oxygen to form iron ions. The negative system pressure felt during the
initial sample collecting processes from the oxygen pre-purged vial proved that there
was oxygen-consuming reaction(s) taking place in the system. Because
chlorobenzenes are in the oxidation state, the existence of oxygen will not benefit the
reduction of these compounds, while Figure 5.23 actually shows oxygen pre-purging just
had a very short-term effect on the hexachlorobenzene transformation. Since only the
top layer of the bimetal particles turned brown after oxygen purging, the activity of the
bulk bimetal might not be affected by surface oxidation under the purging conditions
applied, we can not reach the conclusion of the effect of oxygen on the dechlorination
process from this experiment.
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Figure 5.23. The effect of oxygen and hydrogen prepurging on the hexachlorobenzene
removal. Initial hexachlorobenzene concentration was 2ppm. Metal to solution was
O.5g/10mL.
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5.11 Conclusions
(1). The dechlorination rate increases with an increase of Fe/Ag loading and silver
content of the bimetal.
(2). Fe/Ag has a varied ability to degrade individual chlorobenzenes.
(3). The transformation of hexachlorobenzene follows a sequential chlorine-removing
pathway.
(4). Fe/Ag shows a very stable reactivity toward hexachlorobenzene.
(5). The presence of soil retards the dechlorination rate of Fe/Ag.
(6). Hydrogen shows a negative effect on the dechlorination process.
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Chapter 6
Conclusions and Future Work
6.1 Conclusions
1. An efficient method has been developed to obtain active nanoscale iron and iron-
based bimetal particles for transformation of chlorinated benzenes.
2. Dechlorination of chlorinated organic compounds in the presence of
metal/bimetal is (a) surface mediated reaction(s).
3. Element iron and water serve as the electron and hydrogen donors respectively
in the dechlorination process.
4. Nanoscale bimetal particles studied are in general more effective than nano-iron
particles. Fe/Ag particles have the highest hexachlorobenzene degradation ability
among the five bimetals tested (Fe/Ag, Fe/Pd, Fe/Cu, Fe/Ni, Fe/Co).
5. The chlorobenzenes transformation rate over Fe/Ag can be enhanced by
increasing either silver content of the bimetal particles or the bimetal particle
loading in the reaction system.
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6. Dechlorination efficiency is proportional to the degree of chlorination. Fe/Ag
bimetal particles have preference in removing certain located chlorine from the
benzene ring.
7. Experimental observations and test data suggest that the transformation of
hexachlorobenzene over Fe/Ag particles follows a sequential chlorine-removal
pathway.
8. Functions of noble metals may include: 1) composing corrosion cells with
element iron to increase the iron corrosion process, through which increase the
electron transfer rate; 2) providing the active sites for dechlorination process; 3)
serving as catalyst for the dechlorination reactions.
9. Presence of soil particles retards the dechlorination rate.
6.2 Future work
The experiments described in this research were conducted in the well-defined batch
systems. The possible environmental factors that effect the dechlorination process were
not studied. Since these factors might affect the in-situ application of the metal/bimetal
technique, further work addresses the effects of various environmental factors such as
pH, hardness of aqueous phase, co-existence of other ions, hydrogeological influences,
and mass transfer among different phases should be performed.
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Also because the mechanisms of dechlorination over metal/bimetal particles are poorly
understood, and the understanding of the transformation process can provide directions
essential to the application of this technique in the in-situ remediation projects, the
researches emphasizing on the mechanism involved in this technique should also be
conducted.
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